Introduction
The motivation of the this work is highlighted by the need for the Non-Destructive Testing (NDT) of aircraft, petrochemical and naval structures. Functioning conditions of these structures and the time factor can lead to serious damage. The most appropriate NDT technique to plate-like structures seems to be guided ultrasonics Lamb waves [1] . These waves can carry out energy over long distances and have the potential to be sensitive to several types of defects. Consequently, their use allows fast and efficient inspections of industrial structures. However, the multimode and dispersive nature of Lamb modes make the interpretation of the received ultrasonic signals complex and ambiguous in presence of discontinuities. Moreover, the generation and reception of a selected Lamb mode by transducers remains a difficult task due to the complexity of guided waves.
In this work, two identical thin piezoceramic transducers are designed specifically to work in the frequency band of interest. The generation of a specific Lamb mode is ensured by the placement of these transducers at the opposite sides of the plate. The selection of the A 0 or the S 0 mode is obtained by exciting the piezoceramic transducers with in-anti-phased or in-phased signal, respectively. Then, interactions of these modes with discontinuities in aluminium plates are investigated. The interaction of Lamb waves with discontinuities has been widely analysed. Among the studied defects, one can cite holes [2] , delaminations [3] , vertical cracks [4] , inclined cracks [5] , surface defects [6] , joints [7] , thickness variations [8] and periodic grating [9] . Moreover, the special case of rectangular notches have been carried out by Alleyne et al [10] , Lowe et al [11] , Jin et al [12] and Benmeddour et al [13] [14] [15] .
The Two-Dimensional Fourier Transform (2D-FT) is commonly used by researchers [3, 15, 16] to identify and quantify the existent Lamb modes. However, this technique needs spatio-temporal sampling which is time consuming and not always available from experimental measurements. In this paper, the scattered waves are acquired by means of conventional piezoelectric transducers located on the plate surfaces in front and behind the damage. The fundamental Lamb modes are separated by means of the basic arithmetic operations such as addition and subtraction. This approach allows a simple separation by using only two signals acquired at the same location on the opposite sides of the structure. Hence, the reflection and the transmission of the incident and the converted fundamental Lamb modes, when they exist, can be identified and quantified. The power reflection and transmission coefficients are then obtained with the well-known average power flow equation and the power balance is verified. Measurement results confirmed that symmetric discontinuities could not induce any mode conversion in the contrary of asymmetric discontinuities. The sensitivity of the A 0 and S 0 mode is checked.
An approximation technique of the reflection and transmission of the fundamental Lamb waves from rectangular notches is used. This technique is based on the superposition of the reflection and the transmission from a step down (start of the notch) and a step up (end of the notch). To this end, an approach based on the power reflection and transmission coefficients is proposed. These power coefficients take into account only a single echo and only the A 0 and S 0 modes are studied at a given frequency taken under the cut-off frequency of the A 1 and S 1 modes, respectively. The power coefficients are determined with the help of the finite element and the modal decomposition method. The Finite Element Method (FEM) is used to compute the displacement fields, while the modal decomposition method allows to calculate the power coefficients from these displacements at a given location on the plate surfaces. Then, this aims to compute the power reflection and transmission coefficients for a notch from those obtained for a step down and a step up. The advantages of such a study are that the power coefficients of the multiple reflections can be determined even if the structure contains different thickness variations. Moreover, it allows the study of the interaction of the fundamental Lamb waves with complex discontinuities in a fast and efficient way.
Finally, experimental measurements are compared successfully with those obtained by the numerical method.
The piezoelectric transducers

Applications of the piezoelectric transducers
Since several decades, piezoelectric transducers are widely used in many fields of application. Some of these fields are reported hereafter. Si-Chaib et al [17] have generated shear waves by mode conversion of a longitudinal wave by using straight ultrasonic probes coupled to acoustic delay lines. The device is used in the field of mechanical behaviour of materials and the determination of acoustic properties of porous materials. Duquennoy [18] et al have used both laser line source and piezoelectric transducers to characterise residual stresses in steel rods. They measured the velocities of Rayleigh waves. Yan et al [19] have developed a self-calibrating piezoelectric transducer for the acoustic emission application. Blomme et al [20] have designed a measurement system with air-coupled piezo-based transducers. Their work deals with coating on textile, flaws in an aluminium plate, spot welds on metallic plates, tiny air inclusion in thin castings and ultrasonic reflection on an epoxy plate with a copper layer. Martínez et al [21] have designed a prototype of segmented annular arrays to produce volumetric imaging for NDT applications. Bhalla and Soh [22] have used high frequency piezoelectric transducers to monitor reinforced concrete subjected to vibrations caused by earthquakes and underground blasts. Sun et al [23] have bounded piezoceramic patches on concrete beams to investigate the structural health monitoring. [24] have chosen a circular array of piezoelectric wafer active sensors (PWASs) to localise and identify corrosion in metallic plates. The study is based on the guided Lamb waves and an algorithm based on symmetry breaking in the signal pattern.
Rathod and Mahapatra
Other types of transducers have been also developed and studied in the literature for several applications. A brief discussion about only some types of transducers is given here. Chung and Lee [25] have fabricated focusing ultrasound transducers based on spin-coated poly(vinylidene fluoride-trifluoroethylene) copolymer films. These films can be used for high frequency wave velocity measurements and for nondestructive determination of elastic constants of thin isotropic plates. Ribichini et al [26] have used electromagnetic acoustic transducers (EMATs) for their experimental measurements on different types of steel. They show the performance of bulk shear wave generated by EMATs to investigate the physical properties of materials. Lee and Lin [27] have fabricated a miniature-conical transducer for acoustic emission measurements. Bowen et al [28] have fabricated flexible ultrasonic transducers and tested a steel rod in pulse-echo mode.
Design and characterisation
Two piezo-ceramique transducers are cut in a plate of 50 × 50 mm 2 with the following dimensions. The length of these transducers is chosen to be L = 50 mm to be able to generate a unidirectional wave. The width of w = 6 mm corresponds to the half of the wavelength of the A 0 mode at the chosen working frequency of 200 kHz. The thickness of the transducers is equal to 1 mm. Figure 1 , depicts the dimensions of a piezo-ceramic transducer used in this work. These transducers are handled by the company Ferroperm and the used piezo-ceramic type is a soft lead zirconate titanate Pz27. This material presents a high electromechanical coupling coefficients. The mechanical characteristics of the Pz27 given by the constructor are: a density of ρ = 7700kg/m 3 , the elastic compliances s The receiver, in this work, is an industrial transducer designed by Olympus. It is a Panametrics type with the reference A413S. Its working center frequency is 500 kHz and have a good sensitivity. The nominal element size have the dimensions of 13 × 25 mm 2 . This transducer is also used as an emitter to characterise the aluminium plate and will be explained hereafter.
The emitter
This work aims to generate a selected guided wave in an aluminium plate. To this end, the two piezoceramic transducers are placed on the two faces of the plate in opposite position (see figure 3 ). It was shown [15] that the excitation of transducers with anti-phased electrical signals generates favouringly an anti-symmetrical guided wave. The excitations of these transducers with in-phased electrical signals however, produces mainly a symmetrical guided wave. The excitation of transducers is ensured by two function generators and synchronised by a pulse generator. Fifty acquired signals are averaged by the oscilloscope with an error less than 0.5%. Then, the result is transmitted to the computer for recording and signal processing. Furthermore, the repeatability process and the gel coupling effect are studied. To this end, the receiver is removed and replaced at the same location 20 times. Hence, an error bar can be computed for each experience. In what follows, aluminium plates are experimentally investigated. They have the following dimensions: 6 mm thick, 300 mm wide and 500 mm long.
Material characterisation
Before starting with experimental measurements which aim to select and generate one Lamb mode, one must characterise the plate material. For this purpose, the Panametrics transducer is used to generate a one pulse signal at a frequency of 500 kHz. Then, with a second Panametrics transducer, 256 signals are squired on a line on the surface of the plate with a 1 mm of distance between two positions. The application of a two dimensional fast Fourier transform gives rise to the dispersion curves. Figure 5 , represents these dispersion curves in addition of the theoretical results computed for an aluminium plate with the following characteristics: the density ρ = 2695 kg·m 3 , the Young's modulus E = 72.10 GPa and the Poisson's coefficient ν = 0.383. In this figure, it is clearly shown that the chosen parameters correspond to the characteristics of the used aluminium plate. This has the advantage to identify Lamb modes by their group velocities. 
Experimental measurements
By using the experimental device described and shown on figures 3 and 4, experimental measurements are carried out for in-and anti-phased electrical signals. These results are shown on figures 6a and b where the Panametrics receiver is placed at a distance of l 1 = 185 mm from the left edge of a healthy plate (115 mm from the right edge). The time of flight (TOF) is used to determine the group velocity of each wave packet. In fact, the used TOF is taken as the peak of the signal envelope (by using the Hilbert function) which corresponds to the center working frequency. Wave packets are clearly identified by their group velocities as the first antisymmetric (A 0 ) and the first symmetric (S 0 ) Lamb modes, respectively. In both cases, the selection of one Lamb mode is successful, which validates the experimental set-up. Since the S 0 mode has a higher group velocity than the A 0 mode, its reflection on the right edge of the plate is visible. 
Application to the damage detection 4.1. Experimental measurements
The experimental measurements investigate the interaction of the fundamental Lamb modes A 0 and S 0 with two discontinuity kinds: symmetric and asymmetric shape-like notches. These notches are milled across the full plate width (300 mm) normal to the transmission path and have a width of 50 mm. Six notch depths are experimented and are equal to: 0.5, 1, 1.5, 2 and 2.5 mm which corresponds to the ratios p=5/6, 4/6, 3/6, 2/6 and 1/6, respectively. The desired notches width and depths are obtained with a conventional milling machine.
Owing to the existence of two modes, additional measurements and operations are conducted to separate them. To do so, signals are acquired on the two faces of the plate at exactly the same location. Then, the basic addition and subtraction operations are used. The former aims to amplify the antisymmetric mode and attenuate the symmetrical one. The latter however gives rise to enhance the symmetrical mode and to disfavour the antisymmetrical mode.
Calibration handling
Experimental measurements are carried out to study the receiver presence effect on the transmitted wave packets. Therefore, an identical Panametrics receiver is placed between the emitter and the conventional effective receiver. Hence, the measured signals when the A 0 and S 0 modes are launched, respectively are disturbed. In fact, the presence of the conventional transducer along the propagation path can be considered as a surface perturbation because of its dimensions (39×17×15 mm 3 ). Hence, the amplitude of the A 0 mode decreases to about 40%. Furthermore, its shape is modified by the multiple reflections from the edges of the receiver. Contrarily to this, the S 0 mode decreases only to about 5%.
In practice, when a fundamental Lamb mode is launched at the left edge of the plate, the incident wave packet encounter the conventional receiver. Then, the disturbed transmitted wave packet is reflected by the left edge of the discontinuity and then received. Hence, the measured reflection wave packet must be corrected by multiplying its amplitude by 40% when the A 0 mode is launched whereas the amplitude of the reflection wave packet is multiplied by only 5% when the S 0 mode is launched.
For the transmitted wave packet after the discontinuity, the transmitted amplitude does not need any correction. However, in order to take into account implicitly the dispersion, the diffraction and the attenuation effects, the incident wave packet is acquired on a healthy plate at the same location as the transmitted wave packet in a damaged plate.
Symmetrical notches
Figures 7a and 7b display the addition and the subtraction mean results, respectively of the electrical signals measured before a symmetrical notch when the A 0 mode is launched for a plate containing a 2.5 mm deep notch (p=1/6 of normalised thickness of the plate). By means of the flight time and the shape observation of each wave packet, no mode conversion from the incident A 0 to the S 0 mode is observed in the figure 7a. On this figure, the first and the second wave packets correspond to the incident (in) and the reflection (re 1 ) from the first edge of the notch. Furthermore, multiple reflections from the edges of the notch and the plate are observed. Figure 7b proves one more again that no significant mode conversion is noticed and the observed small wave packets rises mainly from the emitter. Figures 8a and b depict only subtraction mean results of the electrical signals measured before (185 mm from the left edge) and after (315 mm from the left edge) a symmetrical notch, respectively when the S 0 mode is launched for a plate containing a 2.5 mm deep notch (p=1/6).
In figure 8a the first and the second wave packets correspond to the incident (in) and the first reflection (re 1 ) from the left notch edge of the S 0 mode. Furthermore, multiple reflections from the notch and plate edges are observed. Figure 8b display the second transmission (tr 2 ) after the notch of the S 0 mode. Here again, no mode conversion is observed and the addition mean results are not shown for brevity and conciseness.
Since each wave packet is identified and quantified, the Hilbert transform is used to evaluate the wave packets' peaks. These measurements are used to compute the power flux energy which are shown hereafter. 
Asymmetrical notches
Determination of the power coefficients
The determination of the power coefficients from only the temporal normal or tangential displacement at a given location on the plate surface was presented in previous works [13] [14] [15] . Hence, the power reflection and transmission coefficients of the n th Lamb mode when the n th mode is driven for the symmetric or asymmetric step-down damage are:
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and T Nor nn = W n(tr) (x 1 , dp)
(dp)
where the first subscript (n) of R and T designates the incident Lamb mode and the second one (n) designates the reflected or the transmitted mode. W 0 n corresponds to the modal (eigen value) normal harmonic displacement and W n corresponds to the normal displacement. The tilde symbol ( ) indicates that the corresponding quantity is calculated at the central frequency. The superscript Nor indicates that the normal displacement is used to compute the above coefficients. in, re and tr denote the terms incident, reflected and transmitted, respectively. x 1 is the propagation direction. P nn is the average power flow of the n th Lamb mode at the central frequency [29] . The notations | 2d and | 2dp indicate that the average power flow is calculated for a plate thickness of 2d and 2dp, respectively.
Moreover, the asymmetrical discontinuities produce a converted fundamental Lamb mode noted m. Therefore, the power reflection and transmission coefficients of the m th Lamb mode when the n th mode is driven for an asymmetric step-down damage are computed as:
and T Nor nm = W m(tr) (x 1 , dp)
Instead of the normal displacement, the tangential one could be also used to compute these coefficients. Then, the corresponding values are noted R Tan nn , T Tan nn , R Tan nm and T Tan nm .
In fact, W 0 n and W 0 m are determined analytically while, W n and W m are measured experimentally or computed numerically. When studies are carried out in transient regime, the measured or computed displacements are taken at the central working frequency, which corresponds to the maximum of the Lamb wave packet envelope.
Numerical computations
General description of the simulation
A lossless aluminium plate is considered with thickness (2d) and length (2L) equal to 6 mm and 500 mm, respectively. The longitudinal velocity (c L ), the transverse velocity (c T ) and the density (ρ) of this plate are equal to 6422 m/s, 3110 m/s and 2695 kg/m 3 , respectively. Figs. 10a and 12a illustrate a plate containing a meshed symmetrical and asymmetrical notches, respectively. Here, notches have a variable width equal to w. The meshing of the symmetrical and asymmetrical steps down are illustrated on Figs. 10b and 12b , respectively. The meshing of the symmetrical and asymmetrical steps up are illustrated on Figs. 10c and 12c , respectively. In all steps, the plate thickness changes abruptly either from 2d to 2dp or from 2dp to 2d. d is the half thickness of the plate and p takes values from 0 to 1 with a constant increment. In this work, more than 10 isoparametric eight-node quadrilateral elements are used for one wavelength to maintain a large accuracy of the Finite Element (FE) results.
In this paper, the fundamental Lamb mode, A 0 or S 0 , is launched from the edge of the plate by the application of the appropriate displacement shapes. The excitation signals (e n ) are windowed by a Hanning temporal function and the central working frequency is f c =200 kHz. The tone burst number is N cyc =10 and the time sampling period is ∆t=0.1 µs. Figure 11 shows a comparison between the reflection and transmission coefficients for the symmetrical step down and step up. These coefficients are obtained by launching either the A 0 mode (Fig. 11a) or the S 0 mode (Fig. 11b) . From the results of Fig. 11 , relations of equality can be observed and expressed by the following equations:
Symmetrical notches
where D and I designate Direct and Inverse for step down and step up damage, respectively. Generation of a Selected Lamb Mode by Piezoceramic Transducers http://dx.doi.org/10.5772/54582
As said in the introduction, the above equations are valid if the frequency of the selected fundamental Lamb modes are taken under the cut-off frequencies of A 1 and S 1 modes. The observed small errors on Figs. 11a and b are due to the mesh precision of the FE meshing at the left edge of the plate. Indeed, the applied excitation in the symmetrical step up case is performed on fewer nodes along the thickness than for the symmetrical step down case. The symmetrical notch is now decomposed as the superposition of a symmetrical step down and step up as shown on Fig. 10 . The incident power I performed on the symmetrical step down is equal to unity, while the incident power transmitted to the symmetrical step up becomes equal to T 1 . Using these remarks and the equality relation between the symmetrical step down and step up (Eqs. (5) and (6)), it is easy to obtain the following relationship:
Indeed, this relation shows that the reflected power compared to the incident power is equivalent for the symmetrical step down and step up. Furthermore, using the power balance at the interface of the regions (I) and (II), i.e. R 1 + T 1 = 1, and at the interface of the regions (II) and (III), i.e. R 2 + T 2 = T 1 , R 2 and T 2 can be simply expressed as:
Consequently, these relations show that with one FE simulation of the symmetrical step down or the symmetrical step up, all coefficients (R 1 , R 2 , T 1 and T 2 ) of the symmetrical notch can be derived.
Asymmetrical notches
Figures 13 and 14 show a comparison between the power coefficients for the asymmetrical step down and step up when the driven mode is the A 0 and the S 0 mode, respectively. Figures. 13a and 14a illustrate the reflection coefficients and Figures. 13b and 14b depict the transmission coefficients. On Figs. 13, a significant reflection of the driven mode A 0 and a low mode conversion from the A 0 to the S 0 mode are observed for the asymmetrical step up. On the contrary, a significant mode conversion from the S 0 to the A 0 mode for the transmission region is shown on Figs. 14. Therefore, the A 0 mode is more sensitive to the asymmetrical step up than the S 0 mode on the basis of the power reflection. However, the S 0 mode is more sensitive to the asymmetrical step up than the A 0 mode on the basis of the power conversion. The behaviour of the A 0 and S 0 modes towards the asymmetrical step down and step up seems to be inverted. In this section, the asymmetrical notch is studied as a superposition of the asymmetrical step down and step up as shown on Fig. 12 . The incident power I n performed on the asymmetrical step down is equal to unity, while the incident power for the asymmetrical step up becomes equal to T D nn + T D nm which corresponds to T 1,nn + T 1,nm (Fig. 15) . Hence, each transmitted wave packet produces four new wave packets. Therefore, the power balance can be expressed for an asymmetrical step up as:
Then, the power balance of a constructed asymmetrical notch is derived [14] as: 
Indeed, all the coefficients of the asymmetrical notch can be derived by analogy from the asymmetrical step down and step up results when the fundamental Lamb mode A 0 or S 0 is launched. Hence, all the coefficients of the complete asymmetrical notch can be computed as for example:
Furthermore, all the multiple reflections and transmissions and mode conversions of the FEM can now be identified and quantified. This construction method can be generalised to study the interaction of the fundamental Lamb modes with several discontinuities only by using the asymmetrical step down and step up results.
However, the construction technique is valuable only for the fundamental Lamb modes taken under their cut-off frequencies and the notch width verifying:
where min designates minimum. If the rectangle window is used instead of the Hanning one, this limit is given by The numerical results [14] have shown that the study of the transmission region is very difficult and requires a careful analysis. The power transmission coefficients when the A 0 mode is launched are depicted on Figures 18a and b and show an agreement with the numerical results. However, when the S 0 mode is launched, errors due to the experimental conditions do not permit the obtaining of a sufficient precision to separate and quantify the existent Lamb modes in this region. In fact, the high velocity of the S 0 mode increases the interferences between reflections from the start and the end of the notch edges.
Comparisons and validation
Conclusion
Transducers piezoceramic based emitter is developed to excite one selected Lamb mode. To this end, two piezoelectric transducers are cut and placed on the opposite sides of the tested plate. Then the in-phased and in-anti-phased electrical signals are applied to select the A 0 or the S 0 mode. Noteworthy that a calibration process is carried to avoid the receiver effects for the reflection study. The power refection and transmission coefficients are then obtained by using either experimental measurements or numerical predictions and normal mode expansions. This has the advantage to allow a direct comparison between numerical and experimental results. Symmetrical and asymmetrical discontinuities are both investigated. The construction of power coefficients of symmetrical notches from those obtained for one elementary configuration is carried out successfully. Furthermore, the power coefficients for asymmetrical notches are constructed from those obtained for two elementary configurations (step down and step up). On the contrary of the symmetrical discontinuities, the asymmetrical ones enable mode conversions. The experimental measurements are confronted with success to numerical predictions. 
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